Strong-field excitation of condensed xenon, both solid and liquid, are investigated using focused 60 fs pulses at 400 and 800 nm. Both wavelengths lead to efficient generation of excitons, which are monitored through their VUV emissions. The self-trapped Xe 2 * excitons are observed in both solid and liquid Xe; and although weaker, emission from the free Xe* excitons is also detected in the crystalline samples. The photoionization mechanism, which ultimately leads to the creation of excitons through electron-hole recombination, is investigated through power dependence measurements of fluorescence and transmission. At 400 nm, the ionization proceeds through the multiphoton mechanism, while at 800 nm, field-induced tunneling ionization prevails. It is observed that the ionization process is self-limited, preempting the possibility of dielectric breakdown. The failure of an electron avalanche process to develop is understood to arise from the small scattering cross-section of electrons in condensed Xe whereby the field-driven electron energy distribution localizes at the deep scattering minimum, near 0.7 eV. Additionally, the achievable field intensities are limited by beam divergence, due to the negative refraction in the generated electron plasma. This is established in the liquid-phase samples by transmission measurements through a limiting aperture. In the solid state, damage triggered by defects limit the achievable irradiation intensities. It is estimated that exciton densities of ∼10 18 cm -3 are reached (at pump intensities of 10 12 W/cm 2 ). Although amplification of stimulated emission can be expected at the achieved number densities, no evidence of gain is found in the on-axis spectral profile of the excitonic emission.
I. Introduction
With the accessibility of lasers with ultra-short pulses, the investigation of systems under strong-field irradiation conditions has become an important area of research. The readily available intensities on the order of 10 12 -10 16 W/cm 2 lead to significantly new routes to highly excited states of matter. 1, 2 At intensities where the electric field of the radiation approaches and exceeds the nuclear Coulombic potential, field-induced ionization of atoms via tunneling, 3 or complete Coulomb barrier suppression, 4 occurs. En route to ionization, coherently driven Rydberg electrons serve to generate high harmonics of the field, leading to the production of X-ray 5 and attosecond pulses. 6 In molecular systems, strong-fields allow controlled manipulations, 7 with examples ranging from selective ionization and controlled fragmentation, 8, 9 to the more gentle field-driven molecular centrifuge. 10 There are important differences between such applications in the gas phase versus condensed media. Collective dynamics of electrons already appear in the bridging studies of clusters, where intense short pulses give access to highly ionized states of atoms, such as Xe 20+ and I 17+ , 11, 12 leading in the extreme limits to laser fusion. 13 In bulk applications, the important distinctions arise from the characteristically nonlinear propagation of intense pulses. 14 This is familiar in such practical applications as supercontinuum generation 15 or ablation, 16 and clearly must play an integral part in the design of controlled molecular dynamics in condensed media. In this regard, studies in condensed rare gases are useful, since they allow the isolation of field-matter nonlinearities to strictly electronic degrees of freedom. In a previous work in superfluid helium, we provided a detailed description of the processes involved in strong-fieldinduced ionization, from the limit of a controlled ionization cascade to produce XUV excitations to the dissection of breakdown. 17 Moreover, below the breakdown threshold, third harmonic generation could be seen, and has since been characterized in greater detail. 18 These observations provide a measure of the coherence in the field-driven Rydberg electrons, the limits of which have not yet been fully explored. In the present work, we extend the concepts and methods to investigations in solid and liquid Xe. In particular, we consider strongfield pumping as a means to access the excitonic states of Xe which lie in the VUV, and we consider the possibility of pumping an excitonic laser by this approach. Impurity-doped rare gas solids and liquids offer the simplest environment to investigate processes in the condensed phase, and they have been successfully used to understand principles of condensed-phase photodynamics. 19 The spectroscopy and dynamics of pure condensed rare gases have attracted significant interest and remain active areas of research. [20] [21] [22] [23] [24] Due to their large band gap, traditionally, synchrotron radiation and electron beam pumping have been used to reach the excited states. The time resolution offered by these methods is limited to the nanosecond or picosecond regime; accordingly, mostly information concerning the trapping dynamics of free excitons has been obtained. [25] [26] [27] [28] Details of many elementary processes remain less clear. Examples include: the decoherence of free excitons, their mobility, trapping, and ionization, and subsequent relaxation dynamics of excitons, electrons, and holes. Given an ultrafast method for preparing the excitons, significant progress in our understanding of these fundamental processes can be expected, as has already been demonstrated in supercritical Xe by using picosecond pulses. 29 Historically, the investigation of radiative properties of pure condensed rare gases was motivated by the prospects of developing a VUV excimer laser. 30 The report by Basov et al. 31 of laser action in electron beam pumped liquid Xe led to a frenzy of activity, which resulted instead in the wellestablished science and technology of gas-phase, rare gas halide exciplex lasers. 32 Despite significant efforts, the efficiencies obtained in electron-beam pumped gaseous and liquid neat rare gases remained too low for the practical construction of a working laser. 31, [33] [34] [35] A significant effort has been expended in electron beam-pumped crystalline rare gases for the same purpose, and while excitation densities sufficient to obtain gain were reached in careful studies, net gain remained illusive due to losses ascribed to transient absorption. 36 In contrast, large gain and laser action has been demonstrated in optically pumped, doped rare gases both in the liquid phase 37 and in the solid state. 38, 39 Thus, given an efficient optical pumping scheme of the neat, condensed rare gases, their gain characteristics could be reevaluated.
In what follows, we describe experiments in which 60 fs laser pulses, at 800 nm and at 400 nm, are used to pump liquid Xe and free-standing crystals of Xe. We follow the excitonic emissions in the VUV to understand the highly nonlinear mechanisms of strong-field pumping. We discover that fieldinduced ionization in this system is self-limiting, precluding the possibility of breakdown and potentially the achievable number densities of excitons in arbitrary excitation geometries. Thus, we recognize the importance of characterizing nonlinear refraction in such applications, and provide an analysis of powerdependent transmission, and fluorescence.
II. Experimental Details
Both free-standing crystals and liquid Xe were investigated. Free-standing Xe crystals were grown from Xe gas (Matheson 99.997%) at a backing pressure of ∼160 mbar. The sample preparation took about 30 min and resulted in an optically clear crystal with dimensions of about 1 cm × 1 cm × 1 cm. Some light scattering at the surface was evident by eye after retracting the mold. The cryostat was equipped with a LiF window for the measurement of VUV emission. In some experiments, nominally pure Xe was further purified from water and oxygen by a Hydrox purifier (Matheson), or by γ-irradiation of the gas over the period of several days. In the solid-state measurements, trace amounts of water lead to strong fluorescence from the charge transfer states of H, near 250 nm, and of O, near 750 nm. Liquid measurements were done in a "T"-cell, equipped with a 1 mm-thick sapphire entrance window and a 3 mm-thick MgF 2 output window. The optical path length between entrance and exit windows of the cell was 2 cm. The temperature of the liquid was held at 167 ( 3 K during the measurements. While the majority of solid-state measurements were carried out at 15 K, in spectral narrowing measurements temperatures as high as 60 K were studied.
Femtosecond pulses were generated from a Ti:sapphire oscillator pumped with an argon-ion laser, followed by a stretcher, regenerative amplifier pumped by a YAG laser, and a grating compressor. Either the fundamental (800 nm) or the second harmonic (400 nm, generated using a BBO crystal) of the laser were used in the experiments. The temporal width of the pulse was determined with an auto-correlator to be 60 fs fwhm (assuming the pulse to be Gaussian in time). The laser beam was focused using a lens with focal length of either 20 or 14 cm. The spatial profile of the beam waist for the 400 nm pulses was characterized in air, using a 1 µm pinhole mounted on an x-y-z translation stage. The profile was fitted to a Gaussian, to obtain a 1/e width at the focal plane of 33 ( 5 µm and 25 ( 5 µm for the longer and shorter focal length lenses, respectively. The excitation volumes and intensities are estimated using these values.
Emission from the samples, from VUV (∼140 nm) to nearinfrared (∼800 nm), was dispersed through a monochromator (McPherson), using different gratings and photomultipliers (Hamamatsu, R331, R166UH, R1220). For measurements below 200 nm, the monochromator and the space between the slit and the window of the cryostat were purged with Ar gas. In measurements of emission collinear with the excitation beam, to block the pump beam a broadband VUV filter (Acton) with a transmission maximum at 180 nm was used.
The power-dependencies of the emissions were measured using a variable neutral density filter to attenuate the pump beam. In free-standing crystals, the measurements were complicated by the irreversible processes of laser-induced accumulation of defects and damage. To test repeatability, emission intensities were measured in a given spot as a function of both increasing and decreasing laser intensity. Only measurements showing reversibility of fluorescence intensity were retained. The 800 nm excitation results were highly irreproducible in the solids; therefore, we report only the 400 nm data. The liquidphase results were perfectly reproducible for both 400 and 800 nm excitation. In addition to emission, transmission measurements were carried out in the liquid. This was accomplished using a photodiode placed on axis, behind a limiting aperture to monitor variations in the beam divergence due to nonlinear photorefraction.
III. Experimental Results
A. Spectral Observations. The potential energy curves of Xe 2 * (X0 g 40, 41 and the excitonic levels of solid Xe which are relevant to this work, are shown in Figure 1 . Upon 400 or 800 nm excitation of either crystalline or liquid Xe, strong emission in the 170-180 nm region is observed, as illustrated in Figure 2 . In the solid state an additional weak band occurs at ∼150 nm (see Figure 2 ). The bands centered at 172 and 178 nm are well established to originate from overlapping A f X and B f X transitions of the Xe 2 * excimer (or equivalently, the self-trapped exciton) in condensed Xe. The weak band at 152 nm in solid Xe is assigned to emission from the free exciton. [20] [21] [22] [23] [24] Various observations concerning the spectroscopy of the excitons were made which are essentially in agreement with the existing literature. [20] [21] [22] [23] [24] [25] In both solid and liquid, the Xe 2 * emission at ∼170-180 nm shows two different decay components. The shorter component was instrument limited to less than 5 ns, in both liquid and solid. The longer component decays with a time constant of 100 ns in crystalline Xe at 15 K, and 25 ns in liquid Xe at 165 K. The previously observed temperature-dependence of the longer lifetime component was confirmed in our experiments. 42 The emission spectrum in crystalline Xe shows two spectral components centered at 172 and 178 nm, also in accordance with previous observations. 25, 43 At 15 K, the 178 nm band decays with a lifetime of ∼160 ns, and the 172 nm band decays with a lifetime of 100 ns. These two spectral components have been interpreted to originate from two different sites, the shorter wavelength component belonging to the exciton in a crystalline environment and the longer wavelength component belonging to excitons at defect sites. It has also been suggested that the emission at ∼172 nm originates from excitons trapped at vacancies. 44, 45 In our experiments, the ratio between the two components was approximately constant from experiment to experiment, and it did not change in the course of irradiation.
B. Power Dependencies. The energy of three 400 nm photons, or six 800 nm photons, is 9.3 eV, nearly coincident with the band gap of Xe at 9.33 eV. 22 In contrast, two photons at 400 nm (6.2 eV), or five photons at 800 nm (7.75 eV), remain well below the first exciton energy of 8.37 eV. 22 Therefore, in the perturbative limit, the observed VUV emissions can be expected to be induced via three-photon or six-photon processes with 400 and 800 nm pulses, respectively.
The observed dependence of the excitonic fluorescence intensity on pump intensity is presented in Figures 3 and 4 , for 400 nm excitation of crystalline and liquid Xe, respectively. In both cases, the log-log plots show an initial linear regime, over 2-3 decades in emission, followed by saturation. Expansions of the linear regime are shown as insets, in which the best-fit lines are also included. The first decade in emission in the solid state shows a linear dependence with a slope of 3 (see inset to Figure 3 ). Similarly, the first two decades in emission in the liquid phase fit a line with a slope of 3.4 (see inset to Figure  4 ). The saturation regime is characterized by a power dependence of 1 in the liquid and 1.4 in the solid. The liquid-phase data clearly show that saturation is preceded by nonlinearity in the logarithmic plot, where the slope of the dependence initially increases and then turns over.
That the propagation of the intense pulses in the liquid phase is subject to nonlinear refraction is most clearly illustrated by the transmission data obtained at 400 nm, in liquid Xe, which Figure 2 . The observed emission bands in solid and liquid Xe under 400 and 800 nm excitation. The solid-state emission spectrum shows a strong band at 172 nm due to the emission from the self-trapped excitons (Xe2*) and a weak band at ∼150 nm corresponding to emission from the free exciton. The liquid spectrum contains emission only from the Xe 2*. The solid-state spectrum is from a free-standing crystal at a temperature of 15 K and the liquid spectrum is recorded at 170 K. The power-dependence of the fluorescence from self-trapped excitons, Xe2*, in solid Xe pumped at 400 nm. The data are shown as a log-log plot, the abscissa being the decadic logarithm of the intensity in W/cm 2 that would be achieved at the focal point in air. The data are recorded from the same spot, first as the pump intensity is increased, and then as it is decreased, to verify reproducibility. The inset shows the linear fit in the first decade in fluorescence to have a slope of 3. is collected in Figure 5 . These measurements were carried out with a limiting aperture; hence, they are sensitive to the sum of real and imaginary parts of the nonlinear susceptibility in the medium. The data are shown along with the linear limit defined by the initial points. The transmitted intensity initially rises, indicating self-focusing. Then, at the nominal input intensity of 3 × 10 11 W/cm 2 the transmitted intensity falls toward the linear limit, indicating self-defocusing. This is repeated with a gentler dependence near the nominal input intensity of 1.2 × 10 12 W/cm 2 . The strong self-lensing, along with the knowledge that the excitation source has multiple transverse modes, are the reasons for which the reported excitation intensities must be regarded as nominal. The reported values are based on the intensity of the laser at its beam waist, in air.
The power dependence of the excitonic fluorescence in liquid Xe, induced by pumping at 800 nm, is shown in Figure 6 . The behavior can be characterized as a threshold process. Immediately above the noise floor, the fluorescence grows with a slope of 25 in the log-log plot. This is followed by a sudden saturation, where the slope reaches a value of 1. The saturation coincides with white light generation and a strong attenuation in transmission. The transmission data is shown in Figure 7 .
Laser breakdown, which would be evidenced by a visible spark at the focal waist, could not be induced in liquid Xe, neither at 400 nm nor at 800 nm, at intensities as high as 5 × 10 13 W/cm 2 (20 µJ pulses focused through a lens with a focal length of fl ) 14 cm).
Breakdown and permanent damage occurs in solid Xe, however, a definite threshold of the effect could not be established because of its poor reproducibility. In the solid state, the breakdown can be associated with the development of hot spots determined by both the intensity profile of the laser and defects in the solid, either preexisting or irradiation induced. The quality of the grown crystals is such that, typically, breakdown does not occur for intensities up to 2 × 10 13 W/cm 2 (pulse-energies up to 10 µJ). Unless extensively prepurified, the propagating beam can be visualized in the free-standing crystals by the visible fluorescence from impurities such as oxygen. Visual inspection of such solids clearly indicate that the propagating radiation is self-trapped, usually as a single filament that travels the full 1 cm length of the crystal.
IV. Analysis & Discussion
A. Ionization Mechanism. The observed initial power dependence of excitonic emission induced by pumping at 400 nm is consistent with three-photon ionization followed by electron-hole recombination. At 800 nm, six photons would be required to reach the band gap in Xe. The observed power dependence of 25 in this case would indicate that strong-field ionization prevails over the six-photon process. The criterion for switchover between multiphoton ionization versus fieldinduced AC tunneling is given by the Keldysh adiabaticity parameter γ: 3 where ω is the laser frequency, µ the reduced mass of the electron-hole pair, ∆ is the band gap, and E the electric field 
amplitude of the pulse. The multiphoton regime corresponds to γ > 1, whereas tunneling ionization is expected for γ < 1. For a band gap of 9.3 eV, γ )1 occurs at intensities of 5 × 10 13 W/cm 2 and 1 × 10 14 W/cm 2 for 800 and 400 nm pulses, respectively. Consistent with this, the multiphoton process is observed for the 400 nm excitation at nominal intensities below 10 12 W/cm 2 , for γ >10.
In the case of 800 nm excitation, the very steep power dependence betrays tunneling field ionization, and this occurs in the narrow range of 8 < γ < 9. The Keldysh criterion of eq 1 is useful for order of magnitude estimates, and is known to predict a higher switchover intensity than observed experimentally. 46 For example, the rare gas atoms are observed to undergo tunneling ionization in the gas phase for 1 < γ < 8. 47 It is also useful to note that if we consider the primitive model for suppression of the Coulombic barrier by the laser field (electron subject to potential V ) -e 2 /r -eEr), the threshold intensity I ) E 4 /16 ) 3 × 10 13 W/cm 2 would be predicted. 4 The observed field-induced ionization at 800 nm occurs at a nominal intensity which is ∼50 times smaller than this limit (see Figure 6 ), and nearly 2 orders of magnitude smaller than intensities at which the first ionization of Xe saturates in the gas phase. 4 We may therefore conclude that the appearance of the excitonic fluorescence with 800 nm pumping is associated with the threshold for tunneling ionization. In the threshold region we would expect an exponential growth of ionization rate with pump intensity, 3 which is consistent with the observed steep power dependence of ∼25. The ionization process is, however, limited to a very narrow range in pump intensity, as evidenced by the observed abrupt turnover in the power dependence in Figure 6 . Moreover, this turnover is directly correlated with the observations of white light generation and sharp drop in transmission (see Figure 7) . The mechanisms that limit saturation of ionization, and therefore limit the attainable excitonic densities, deserve a deeper understanding. Key to this consideration is the feedback between nascent electrons and the propagation of the radiation field.
B. Kinetics of Field-Driven Electrons. A saturation effect is observed in all fluorescence measurements, whereby the initial power dependence reverts to nearly linear behavior. The turnover must be caused by the interaction of the pump field with the nascent electrons. Instead of this interaction leading to an electron avalanche and ultimate dielectric breakdown as it occurs in liquid helium, 17 here, a negative feedback occurs: the nascent electrons turn off further photoionization. To understand the qualitative difference between liquid He and liquid Xe, we model the electron dynamics with the same classical approach as in our previous work. 17 Electrons created by photoionization are borne in an intense radiation field where they may be ponderomotively driven. In condensed media, in which scattering lengths are short, randomization of electron momenta upon scattering leads to heating. The electron kinetic energy distribution therefore evolves as a diffusion process along the energy axis, and when electrons reach the ionization limit of the host they may generate secondaries through impact. 48 The ionization dynamics during the laser pulse can be modeled by considering the time evolution of the electron energy distribution f(e,t), by numerically solving the Fokker-Planck equation: 16 where K ( ) is the rate of energy gain by an electron in the radiation field, D( ) is the energy diffusion coefficient, and S-( ,t) describes the sources and sinks of electrons, including photoionization and electron impact ionization. The rate for the n-photon ionization process is taken as where I is intensity, σ (n) is the n-photon cross-section, and F is the density of the solid or liquid. The photoelectron distribution produced by the MPI is assumed to be a delta function at zero energy. We use the cross-sections σ (3) ) 5 × 10 -81 s 2 cm 6 (and σ (6) ) 1 × 10 -180 s 5 cm 12 ) which has been previously obtained in the gas phase for pulses at 248.6 and 586 nm. 49,50 K ( ) and D( ) are determined by the momentum-transfer cross-section σ mt in the condensed phase. 17 The latter is based on the gasphase cross-section and the condensed-phase structure factor S(K,ω); 51, 52 and has been verified to reproduce measured drift velocities of electrons in condensed rare gases. [53] [54] [55] We use the momentum-transfer cross-section calculated by Gushchin et al., 54 which can be fitted to the functional form with σ mt given in Å 2 and energy in electronvolts. In going from the gas phase to the condensed phase, the scattering crosssection is reduced by more than 2 orders of magnitude in the relevant low energy regime. To describe the electron impact ionization process, the measured gas-phase cross-section was taken from Wetzel et al. 56 and adjusted by taking the band gap energy as the ionization threshold. The adjusted data was fitted to the functional form where σ i is in Å 2 and in eV.
The results of a typical evolution of the electron energy distribution function under 400 nm excitation is shown in Figure  8 . In the simulation, as in the experiments, the temporal Figure 8 . The evolution of the electron kinetic energy distribution function under the influence of a 400 nm laser pulse. The assumed laser pulse has a fwhm of 60 fs and peak intensity of 10 14 W/cm 2 , centered at t ) 0. It is assumed that electrons are generated at zero energy through three-photon ionization by the laser pulse, and subsequently heated by the field. After termination of the pulse, practically no electrons have reached the ionization limit of 9.3 eV, precluding the possibility of an electron avalanche under these conditions.
evolution of the laser pulse intensity was described as a Gaussian with fwhm ) 60 fs. In Figure 8 , it can be seen that initially the distribution is zero everywhere. MPI feeds electrons at zero energy. After termination of the pulse, the distribution remains strongly peaked at energies below 1 eV. Practically, no electrons reach kinetic energies equal to the band gap. The same result is obtained with 800 nm pulses. In both cases, the slow electron heating rate is due to the small momentum-transfer cross-section and its functional dependence on energy. To be certain, we performed the same simulation using the gas-phase crosssection. 57 Even in that case the contribution of electron avalanche to the total electron density was negligible at intensities up to 10 14 W/cm 2 . The gas-phase simulations make it clear that the electron distribution localizes at the RamsauerTownsend minimum at ∼0.7 eV, where the cross-section is again rather small (∼1.2 × 10 -16 cm 2 ), 57 being too small to lead to significant electron avalanche with 60 fs pulses. The overall conclusion from the simulations is that: with 60 fs pulses, ionization happens exclusively via the laser field, and secondary electrons do not contribute to any significant extent. Despite coupling of the radiation field to the plasma, the electron energy distribution after termination of the pulse remains peaked below ∼1 eV. This is to be contrasted with the case in liquid helium. 17 There, the electron cascade rapidly develops into an avalanche at intensities and pulse widths similar to those used in the present simulation. The absence of a deep scattering minimum (due to the very small polarizability of He) in the scattering cross-section of electrons in helium is key to this difference. Here, the small scattering cross-section implies a slow diffusion of the electron distribution along the energy axis, which leads to trapping in the deep scattering minimum of the polarizable Xe. The localization of the field-driven electron energy distribution at the scattering minimum is equivalent to nearly vertical stimulated absorption and emission processes. Accordingly, the observations that the turnover region is accompanied by attenuation of the pump and by white light generation can be understood, respectively, as net absorption and phase modulation of the radiation by the free electrons. 14 To be effective in this regard, the generated electron densities must be comparable to the photon flux near the turnover region. Estimates based on the nominal pump intensities and the MPI cross-sections are possible. Thus, for three-photon ionization in a medium characterized by the atomic density N: which integrates to the form: the pump intensity will drop to half its initial value over the length:
At 400 nm, the turnover in the liquid is reached at an intensity of ∼2 × 10 11 W/cm 2 (see Figure 4) . At which intensity over the length ∆x 1/2 ) 0.14 cm (which is comparable to the Rayleigh length of 2πw 0 2/λ ∼ 0.3 cm, where w 0 is the radius of the beam in the focal plane in air), an electron density of 10 17 cm -3 develops. In the solid, at the same wavelength, the turnover occurs at a flux 10 12 W/cm 2 yielding an electron density of 10 19 cm -3 over a length ∆x 1/2 ) 45 µm. Note, in these estimates we have neglected self-lensing effects. This could explain the variation in the apparent electron densities at which we observe saturation. Self-focusing would imply that even larger electron densities are produced in the focal volume. We return to this consideration below. What is clear from the above analysis is that, in the absence of an electron avalanche, absorption by the photogenerated electrons can severely attenuate the pump beam, to reduce its intensity, effectively blocking further ionization of the host.
C. Self-Refraction. The transmission data obtained with a limiting aperture in the liquid phase studies allows the analysis of nonlinear refraction. The effect is negligible in the case of 800 nm pumping, where the transmission remains essentially linear until the limit of white light generation through self-phase modulation. In contrast, the transmission at 400 nm initially undergoes self-focusing then self-defocusing, with a milder repetition of the same process at higher intensity. The phenomenon of self-focusing is well understood. 14, 58 It arises from the intensity-induced refractive index n ) n 0 + n 2 I, due to the thirdorder nonlinear susceptibility present in all isotropic media: n 2 ) (12π 2 /n 0 c) (3) (ω ) ω + ω -ω). Quite generally n 2 is positive in transparent materials, leading to a positive lens shaped by the transverse intensity profile of the beam. At 400 nm, the main contribution to the (3) arises from the preresonance of the virtual two-photon excitation at 2ω ) 6.2 eV with the first excitonic transition at 8.3 eV. It can be estimated from the frequency-dependent measurements of the hyperpolarizability of Xe that at 800 nm, (3) is nearly three times smaller than at 400 nm. 59 This difference is evidently sufficient to reach tunneling ionization prior to significant self-focusing at 800 nm. Typically, self-focusing increases with intensity until reaching the diffraction limit, whereby filament formation (or selftrapping) takes over. In the present case, instead, we observe self-defocusing. What is required for this behavior to be observable is a negative dispersion, with intensity dependence that is steeper than that of self-focusing. This is to be expected from the contribution of the photogenerated electrons to the refractive index. Thus, upon ionization, the refractive index of the medium will change by the contribution from the free electron plasma:
where ω p is the angular frequency of the plasma resonance, ω is the radiation frequency, m e and e are the electron mass and charge, and N e is the intensity-dependent electron density, and we have assumed that ω p <ω. At the estimated electron number density of N e ) 10 18 cm -3 a plasma frequency of ω p ) 5.6 × 10 13 s -1 is to be expected, while the optical angular frequency is 4.7 × 10 15 s -1 (400 nm). This leads to a reduction in index δn e ) -7 × 10 -5 at the center of the beam. We may estimate the divergence angle due to this effect using Fermat's principle. We note that a central ray will travel a length d′ ) c∆t/(n + δn) while a peripheral ray, at r ) w 0 where the electron density becomes negligible, will travel a length d ) c∆t/n in the same time interval. The wave front will then tilt by an angle R, where
(6)
If we use d ) 2πw 0 2 /λ, namely the Rayleigh length appropriate for the beam profile in air, we obtain: For w 0 ) 15 µm and λ ) 0.4 µm, a divergence angle of 12 mrad can be expected. This is comparable to the divergence of the beam due to the lens (fl ) 15 cm, beam diameter of 0.4 cm). The effect can be significantly larger if the beam has undergone self-focusing, where now d in eq 10 can become significantly larger than its confocal value.
The effects of the third-order susceptibility of the un-ionized liquid and the three-photon induced plasma can be combined to obtain the governing intensity dependence of photorefraction: in which n e is chosen positive to clearly highlight the counter effects of bound and free electrons. The equation clearly contains the necessary physics to explain the observed intensity dependence of the transmission data. At low intensity, the third-order susceptibility of the bound electrons induces self-focusing. As ionization sets in, the free electrons start to contribute to the index. At n 2 ) n e I 2 , the self-focusing is completely compensated by defocusing. A further increase in electron density would lead to divergence of the transmitted beam. However, this is a selflimiting process. As the beam expands, its intensity drops, and therefore the density of photogenerated electrons drops even faster. As such, the process will be bounded by the linear transmission curve, as observed in Figure 5 . The repetition of the entire process at higher intensity we attribute to the multimode nature of the pump beam. The first sharp focusingdefocusing process is attributed to the central Gaussian mode, and the secondary peak to the surrounding higher order modes. Indeed, both laser mode structure and nonlinearities of the medium are possible to obtain quantitatively through transmission measurements using thin samples in the so-called z-scan technique. 60 The exact analysis of the propagation of the multi-mode laser beam subject to attenuation and the nonlinearities in eq 12, is beyond the scope of the present work. However, a qualitative analysis is useful to establish consistency of the proposed model, and as an independent estimate of the photogenerated electron density. The self-focusing length due to (3) can be approximated as z f ) w 0 (n 0 /n 2 I) 1/2 . Assuming that this shifts the vertex of the cone for the transmitted beam, the transmitted intensity I out may be related to the weak field limit I in through:
in which h is the distance between the weak field focus and the limiting aperture plane of the detector. The observed initial selffocusing can be fit with this expression using n 2 ) 1.5 × 10 -18 cm 2 W -1 (1.5 × 10 -11 esu) as shown in Figure 5 . The associated value of z f is 2 cm, consistent with visual inspections. The turnover in the transmission can be expected from the condition n 2 I ) n e I 3 in eq 12, where now the intensity in the self-focused volume is needed. Using the diffraction limit for the focal waist, N e ) 10 18 cm -3 can be retrieved for the turnover region. Note, under these conditions the divergence angle due to the negative dispersion in the plasma is obtained by setting d ) z f in eq 10, and by replacing w 0 by w 0 / 3, namely by considering the beam waist over which I 3 drops to half its value. The divergence angle now increases to ∼100 mrad, namely an order of magnitude larger than its value in the absence of self-focusing. This nicely rationalizes the observed intensity profile of the transmission in Figure 5 .
D. The Absence of Gain. A major motivation of the present work was the investigation of strong-field pumping as a means of obtaining gain on the excitonic transitions. We have searched for evidence of gain in the form of spectral narrowing of the on-axis fluorescence, and have failed to do so in both solid and liquid samples, at all pump intensities. The reasons for this failure are not clear in view of the system parameters, which deserve scrutiny.
The stimulated emission cross-section for the excitonic transition is given as
We consider only the B-state component of the Xe 2 * which has a large enough cross-section to be a proper laser candidate. 36 Inserting the values λ ) 172 nm, τ ) 1.3 ns, 23 and ∆λ ) 7 nm yields σ ) 2.6 × 10 -16 cm 2 . To observe a 10% reduction in the line width in a single-pass, the product of the exciton number density and the gain length must be Nl ∼ 2 × 10 16 cm -2 (e.g. and 2 × 10 17 cm -3 over a length of 1 mm). Although the physical length of our sample is 1 cm in the solid and 2 cm in the liquid, the effective path lengths over which the peak densities of excited states can be generated depends strongly on the nonlinearities that define the profile of the pump. In the absence of self-refraction, based on the MPI cross-sections, we estimated an electron-hole pair density-length product of N e l ) 1.4 × 10 16 cm -2 in the liquid phase (N e ) 10 17 cm -3 , ∆x 1/2 ) 0.14 cm), and 4.5 × 10 16 cm -2 in the solid state (N e ) 10 19 cm -3 , ∆x 1/2 ) 45 µm). These may be regarded as lower limits, since self-focusing increases both the density and gain length. From the self-refraction analysis we estimated a density-length product of N e l ) 10 17 -10 18 cm -2 . In the absence of loss mechanisms, the electron-hole pairs must recombine to populate all self-trapped states. If we assume a statistical ratio of 1:3 between the A and B states, and take into account that in the solid (but not in the liquid) there are two sites, then only ∼35% of the initial pairs are useful for gain. This leaves us nearly an order of magnitude above the required number densities to observe spectral narrowing. Other loss channels, which have been carefully considered before, are excitonexciton annihilation and reabsorption. 36 The former will greatly depend on the mobility of excitons, which in the solid state is controlled by the crystallinity of the sample. A measure of this is provided by the relative contributions of emission from free and self-trapped excitons. 25 Zimmerer et al. were able to grow crystals where the integrated intensity of the free and trapped exciton bands are similar. In our solid samples, the intensity of the free exciton band was always a small fraction of the trapped exciton, indicating fast trapping, and therefore reduced mobility and loss. These considerations are unimportant for the liquid case, where the trapping rates must be greater than 10 12 s -1 . Although, in the liquid diffusion controlled encounters of the trapped excitons can lead to annihilation, given the radiative lifetime of the excimer of 10 -9 s, this loss channel can only become significant at excitonic densities above 10 19 cm -3 . Of the intrinsic loss mechanisms, we are left with reabsorption, which has been invoked as the main reason for the failure to observe net gain in electron-beam-pumped solids. 36 Note, the present analysis is based on pump intensities where the turnover
n ) n 0 + n 2 I + δn e (I) ) n 0 + n 2 I -n e I 3 (12)
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σ ) nλ in the power dependence of fluorescence is observed. Pumping above this limit would seem ineffective in increasing the density-length product. A quantitative understanding of this saturation behavior would be valuable in optimizing pumping geometries. The present arrangement does not produce a measurable spectral narrowing, and therefore of gain.
V. Conclusions
The intense fields generated with focused femtosecond pulses provide an efficient method for nonresonant access to excitonic states in condensed Xe. The excitation mechanism, using 60 fs pulses, changes from multiphoton to field-induced tunneling between 400 and 800 nm, respectively. In essence, field-induced tunneling threshold occurs at intensities below the required sixphoton excitation in the case of pumping at 800 nm. At both wavelengths, the formation of excitons can be attributed to strong-field-induced ionization, and subsequent electron-hole recombination. Despite pumping at intensities above the saturation of the power law behavior for ionization, dielectric breakdown cannot be induced. This self-limiting behavior is understood through explicit simulations of the field-coupled electron kinetics. By numerically solving the Fokker-Planck equations governing the evolution of the electron energy distribution during the laser pulse, it is discovered that the distribution localizes at the Ramsauer-Townsend minimum, near 0.7 eV. This prevents the generation of secondaries through impact ionization and precludes the possibility of an electron avalanche, which describes breakdown in liquid helium. The combination of attenuation of the pump beam in the stagnant plasma, and its divergence due to the negative dispersion of the plasma, explain the self-limiting behavior of the ionization. This phenomenon in itself is quite interesting as an optical limiter for high intensities, distinct from the more common mechanism of reverse saturable absorbers. 61 Prior to saturation of the process, self-focusing of the 400 nm pump beam is observed, and understood in terms of the third-order nonlinear susceptibility of the bulk. It is estimated, based on known multiphoton ionization cross-sections and based on the plasmainduced defocusing, that ionization densities as high as 10 19 cm -3 are reached. Even after taking intrinsic loss mechanisms into account, and particularly in the self-focused stage of pumping, the density-length product of excitons formed through electron-hole recombination is sufficient to attain gain over the excitonic VUV transition. Nevertheless, the spectral profile of the transition does not show any evidence of gain. This could indicate that reabsorption by the excitons has a larger crosssection than that of stimulated emission, which at 10 -16 cm 2 is quite high. Otherwise, we must conclude that not all system parameters are well understood in this strongly nonlinear system. A quantitative analysis of the nonlinear propagation of radiation under strong pumping conditions in this system would be quite valuable.
